Eukaryotic cells undergo arrest and enter apoptosis in response to short telomeres. T cells from late generation mTR ؊/؊ mice that lack telomerase show increased apoptosis when stimulated to enter the cell cycle. The increased apoptosis was not inhibited by colcemid, indicating that the response did not result from breakage of dicentric chromosomes at mitosis. The damage response protein ␥-H2AX localized to telomeres in metaphases from T cells and fibroblasts from mTR ؊/؊ cells with short telomeres. These data suggest that the major mechanism for induction of apoptosis in late generation mTR ؊/؊ cells is independent of chromosome segregation and that loss of telomere function through progressive telomere shortening in the absence of telomerase leads to recognition of telomeres as DNA breaks.
Eukaryotic cells undergo arrest and enter apoptosis in response to short telomeres. T cells from late generation mTR
؊/؊ mice that lack telomerase show increased apoptosis when stimulated to enter the cell cycle. The increased apoptosis was not inhibited by colcemid, indicating that the response did not result from breakage of dicentric chromosomes at mitosis. The damage response protein ␥-H2AX localized to telomeres in metaphases from T cells and fibroblasts from mTR ؊/؊ cells with short telomeres. These data suggest that the major mechanism for induction of apoptosis in late generation mTR ؊/؊ cells is independent of chromosome segregation and that loss of telomere function through progressive telomere shortening in the absence of telomerase leads to recognition of telomeres as DNA breaks.
The telomeres consist of tandem sequence repeats bound by specific telomere proteins and are required for chromosome stability. Telomere sequence loss during replication (1, 2) is balanced by sequence addition by telomerase. Telomerase contains an essential RNA and a catalytic protein component (3) . Telomere-binding proteins bind to the repeat sequence to help carry out telomere function. Loss of either telomere-binding proteins or telomere sequence causes telomere dysfunction, although the mechanisms by which this occurs are not yet clear. When a dominant negative version of the telomere-binding protein TRF2, which removes endogenous TRF2 from telomeres, is expressed, cells undergo chromosome fusions, cellular senescence, and apoptosis (4) . In contrast to this rapid effect caused by the removal of telomere-binding proteins, telomere sequence loss that occurs in the absence of telomerase generates a more gradual response. Yeast grown in the absence of functional telomerase show progressive decline in growth potential (5) . Once sufficient telomeres are critically short, cells arrest at G 2 /M and show increased genomic instability (6 -8) .
Mice that lack the RNA component of telomerase (mTR Ϫ/Ϫ ) have decreased fertility, increased T cell apoptosis, and an increased number of chromosome fusions after successive interbreeding for four to six generations (9, 10) .
The mTR Ϫ/Ϫ mice revealed that telomeres play two different roles in tumorigenesis. Short telomeres trigger cell death that may contribute to reduction in tumor progression (11) ; on the other hand, short telomeres also lead to an increase in tumor formation in some mouse models (12) (13) (14) . This increase is likely to be the result of genomic instability initiated by short dysfunctional telomeres (6, 15, 16) .
Cells employ multiple pathways to sense and repair DNA double-stranded breaks. Broken ends are recognized and repaired by specific proteins including DNA-PKcs, Ku, the MRX complex (MRE11, RAD50, and NBS1/Xrs2), RPA, ATM, ATR, ATRIP, and others (reviewed in Ref. 17) . Unrepaired DNA breaks can lead to chromosome instability (reviewed in Ref. 18 ). Thus, when cells encounter irreparable damage, they may undergo programmed cell death to protect the organism. Failure to eliminate damaged cells may result in chromosome rearrangements, often leading to further instability (reviewed in Refs. 17 and 19) . One of the earliest events at the site of DNA damage is the phosphorylation of histone variant H2AX, ␥-H2AX (20) . The presence of ␥-H2AX provides the platform for other damage proteins such as p53BP1, Mre11, and Brca1 to localize to the break site (21) .
The loss of telomere function has been proposed to mimic a DNA double-stranded break. However, the relationship between telomere function and the DNA damage response pathway is complex. A major role of the telomere is to distinguish natural chromosome ends from DNA breaks. At the same time, many proteins involved in DNA damage response such as Ku, MRX complex, and DNA-PKcs normally localize to telomeres (22) (23) (24) . In yeast, when an endogenous DNA break is created, some of the telomere-bound DNA repair proteins relocalize from the telomere to the DNA break site. In addition, the cells that are deleted for these damage recognition/repair genes often have altered telomere length (25) (26) (27) (28) (29) .
When dysfunctional telomeres are generated either through removal of telomere-binding proteins or through telomere shortening in the absence of telomerase, DNA damage pathways are activated. Yeast with critically short telomeres activate DNA damage checkpoints and cells arrest at the G 2 /M phase of the cell cycle (7, 8, 30) . Overexpression of dominant negative TRF2 in human cells triggers p53-and ATM-dependent apoptosis (4). Short telomeres trigger a p53 response in late generation mTR Ϫ/Ϫ mice (15) , and cells with short telomeres have an enhanced sensitivity to ionizing radiation (31, 32) . Thus, although it is clear that dysfunctional telomeres send a signal similar to DNA damage, the mechanism that recognizes telomere dysfunction is not clear.
The increased apoptosis in late generation mTR Ϫ/Ϫ cells may be due to recognition of critically short telomeres as doublestranded DNA breaks. Alternatively, it may be due to chromosome fusions and subsequent breakage of dicentric chromosomes. To distinguish between these mechanisms, we studied apoptosis in late generation mTR Ϫ/Ϫ T lymphocytes. We found that apoptosis was independent of M phase progression, suggesting that the breakage of dicentric chromosomes is not a major factor in triggering apoptosis. In addition, we found that the damage marker ␥-H2AX localized to the telomere in late generation mTR Ϫ/Ϫ cells. Our results suggest that critically short telomeres are recognized directly as DNA breaks.
MATERIALS AND METHODS

Mice-Two independent lines of mTR
Ϫ/Ϫ mice were used. Line 1 used for spectral karyotyping analysis was 60% C57BL/6, 37.5% 129/Sv, and 2.5% SJL as described (9) . Line 2 used for T cell and MEF 1 studies was derived from line 1 by backcrossing to C57BL/6J as described (33) .
Cell Culture and T Lymphocyte Purification-To purify T cells, splenocytes were isolated through negative selection with T cell enrichment gravity flow through kit (13031; StemCell Technologies). The purified T cells were stimulated with 4 g of ConA (Sigma) and 20 units of IL-2 (Roche Applied Science) at 2 million cells/ml of medium.
TUNEL Analysis-Isolated T cells were stimulated with ConA and IL-2 in culture for 48 h prior to TUNEL analysis. The cells were analyzed by an in situ cell death detection kit (1 684 795; Roche Applied Science).
Spectral Karyotyping-Spectral karyotyping was performed on late generation mTR Ϫ/Ϫ splenocyte metaphases as described (34) . The splenocytes were cultured and stimulated with 1 mg of lipopolysaccharide (Sigma), 400 g of ConA, and 200 units of IL-2 for 48 h. The cells were arrested in colcemid for 1 h and then swelled in 4% KCl for 4 min at 37°C. The cells were then washed six times in 3:1 methanol:aceitic acid fixative. The metaphase spreads were hybridized and analyzed according to the manufacturer's protocol (Applied Spectral Imaging).
Cell Staining and FACS Analysis-Unfixed cells were washed with PBS and stained prior to FACS analysis. For cell apoptosis analysis, Annexin V-Alexa 568 was used as suggested by the vendor (1985485; Roche Applied Science), and fluorescein isothiocyanate-coupled antiBrdU (556028 PharMingen) was used to detect S phase progression of the cells. Cell cycle analysis was carried out by washing cells with PBS once and then incubating in staining solution (in 10 ml of PBS with 0.025% Nonidet P-40, 1 mg of RNase A, and 50 mg of propidium iodide) for 30 min in the dark. For CFSE (C1157 Molecular Probe) analysis, T cells were washed once with PBS and then resuspended at 4 million cells/ml in PBS and stained with 2 M CFSE for 8 min in the dark at room temperature. 5 ml of culture medium was then added to the cells and incubated for 5 min in dark. Stained cells were washed three times with PBS and then cultured at 2-4 million cells/ml of culture medium with ConA and IL-2 in the dark.
Cytospin Preparation and Immunostaining-The cells were washed once with PBS and then treated with 0.075 M KCl for 2 min, and the metaphases were prepared by spinning cells on to slides in a cytospin centrifuge (Thermo Shandon Cytospin 3) at 1000 rpm for 5 min. The cells attached to the slides were fixed with methanol or ethanol for 1 h at Ϫ20°C. The cells were stained with 1:4000 ␥-H2AX antibody (16193; Upstate Biotechnology, Inc.) or 1:400 p53BP1 (a gift from Dr. Junjie Chen). A secondary antibody was used at 1:10,000 Cy3 or 1:1000 fluorescein isothiocyanate (Jackson Immunoresearch). Both primary and secondary antibodies were diluted in KCM (120 mM KCl, 20 mM NaCl, 10 mM Tris-HCl, pH 7.7, 0.1% Triton X-100). For staining with both ␥-H2AX and telomere FISH, the cells were treated with RSB buffer (10 mM Tris, pH 7.4, 10 mM NaCl, 5 mM MgCl 2 ) for 10 min at 37°C, then cytospun at 2000 rpm for 5 s, and then fixed in 2% formaldehyde for 10 min. The slides were washed with PBS and treated with 0.5% Nonidet P-40 in PBS. Because cytospun metaphases often contain partial metaphase chromosome sets, we quantitated the average number of chromosomes/spread and found no significant difference between wild type and late generation mTR Ϫ/Ϫ (p Ͼ 0.05). ␥-H2AX signals were scored first before telomere FISH.
Immunoblot Analysis-The cells were lysed in radioimmune precipitation assay buffer (150 mM sodium chloride, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) with 1ϫ protease inhibitor mixture (1836153; Roche Applied Science) and 1ϫ phosphatase inhibitor mixture 1(P2850; Sigma) after 48 h of stimulation. The antibodies used were: anti-Actin (A2066, 1:2000; Sigma), anti-Ser Mouse Embryonic Fibroblasts-MEFs were generated as described (9) . The metaphases were generated from passage 3 MEFs from wild type and mTR Ϫ/Ϫ as described above.
RESULTS
Late Generation mTR Ϫ/Ϫ Mice T cells Undergo Apoptosis in Response to
Mitogen-To examine the role of short telomeres in apoptosis of lymphocytes, we stimulated late generation mTR Ϫ/Ϫ mouse T cells in vitro for 48 h and stained with annexin V to identify apoptotic cells and with propidium iodide to determine DNA content. Late generation mTR Ϫ/Ϫ T cells showed an increase in apoptotic cells compared with agematched wild type cells (Fig. 1A) in agreement with a previous report (35) . Three independent experiments with mTR Ϫ/Ϫ mice showed a consistent 2-fold increase in the total number of annexin V-positive mTR Ϫ/Ϫ T cells compared with wild type. After 48 h in culture without stimulation, both wild type and mTR Ϫ/Ϫ T cell cultures showed a high level of apoptosis (36) (Fig. 1A) . At 48 h post stimulation, the cells had identifiable G 1 , S, and G 2 peaks typical of proliferating cells (Fig. 1B) ; thus, cells were not entering apoptosis because of a lack of stimulation. The unstimulated cultures exhibit a predominant G 1 /G 0 peak and substantial sub-G 1 /G 0 peak that represents the apoptotic cells (Fig. 1B) . There was an increase in the sub-G 1 /G 0 peak in stimulated mTR Ϫ/Ϫ culture compared with wild type T cells (Fig. 1B) , consistent with the increase apoptosis observed by annexin V staining (Fig. 1A) . To further examine the apoptosis in T cells, we quantitated the number of TUNEL-positive cells in wild type and mTR Ϫ/Ϫ mice. 26% of the mTR Ϫ/Ϫ T cells were TUNEL-positive cells, whereas only 14% of T cells from wild type cultures were positive. To test whether this increase in apoptosis results from increased DNA damage response in mTR Ϫ/Ϫ cells, we used Western analysis to examine the level of several markers of DNA damage response. We found an increase in phosphorylated form of Chk1 in mTR Ϫ/Ϫ T cells (Fig.  3D) . We further found a 2-fold increase in p53 phosphorylated at serine 15, cleaved caspase 3, and BAX in mTR Ϫ/Ϫ protein extract (data not shown).
T Cell Apoptosis Is Independent of Chromosome Segregation-To determine whether the apoptosis and induction of a DNA damage response in late generation mTR Ϫ/Ϫ T cells was due to short telomeres or to chromosome breakage at metaphase, we examined the cell cycle dependence of apoptosis. When mTR Ϫ/Ϫ T cells were grown in the presence of BrdU for 48 h, 89% the cells were both BrdU-and annexin V-positive. This result indicates that annexin V-positive cells in the late generation mTR Ϫ/Ϫ culture have replicated at least once ( Fig.  2A) . Telomere dysfunction causes end-to-end fusion in mTR Ϫ/Ϫ cells (9); therefore, the apoptosis seen may be the consequence of the breakage of dicentric chromosomes during segregation. To examine this possibility, we determined whether apoptosis in these cells requires the completion of M phase. T lymphocytes from wild type and late generation mTR Ϫ/Ϫ mice were first stimulated to cycle and then arrested with colcemid, a drug that inhibits spindle formation. The initial stimulation was required to distinguish those cells in the population that were capable of dividing initially from those that were not. (Fig. 2C) . To test the completeness of the colcemid block, we used both FACS analysis and CFSE staining. Colcemid arrest increased the number of G 2 /M cells by 2.5-fold for both wild type and mTR Ϫ/Ϫ T cells (Fig. 2B) . 1 The abbreviations used are: MEF, mouse embryonic fibroblast; ConA, concanavalin A; IL, interleukin; TUNEL, TdT-mediated dUTP nick end labeling; FACS, fluorescence-activated cell sorter; PBS, phosphate-buffered saline; BrdU, bromodeoxyuridine; CFSE, carboxy-fluorescein diacetate, succinimidyl ester; FISH, fluorescent in situ hybridization.
CFSE is a cytoplasmic fluorescence dye that reduces its intensity by half every time the cell divides. We used this dye to determine the number of cell cycles that cells completed after stimulation (Fig. 2D, black bars) . When cells were arrested with colcemid from 36 to 42 h after stimulation, the percentage of cells that had undergone four divisions decreased 2-4-fold in wild type and mTR Ϫ/Ϫ cells (Fig. 2D) . Although FACS analysis and CFSE staining showed an efficient colcemid arrest, there was no comparable decrease in the level of apoptosis in the arrested cell population. This indicates that breakage of dicentric chromosomes at mitosis is not the predominant mechanism that leads to apoptosis in mTR Ϫ/Ϫ cells. If apoptosis in mTR Ϫ/Ϫ cells was due to the accumulation of chromosome breaks in the cell divisions prior to arrest, we would expect to see translocations indicative of breakage, fusion, and bridge cycles. To address this possibility, we examined chromosome structure using spectral karyotyping. In agreement with previous reports (9), chromosome fusions were seen in the metaphase spreads from mTR Ϫ/Ϫ T cells (Table I) . However, although fusions were seen, only 3 of 1100 late generation mTR Ϫ/Ϫ metaphases showed translocations. Because cycles of breakage, fusion, and bridge formation would lead to chromosome translocations, the low level of such rearrangements suggests that the accumulation of broken chromosomes through breakage, fusion, and bridge in the first few cell cycles is not the major mechanism that triggers apoptosis in mTR
Short Telomeres Are Recognized as DNA Breaks-To further understand the role of short telomeres in the induction of apoptosis, we tested whether short telomeres are recognized as DNA breaks. We examined whether phosphorylated H2AX, called ␥-H2AX, one of the earliest modifications that occur at sites of double-stranded DNA breaks, is localized to telomeres. As a positive control we irradiated wild type cells with ␥ radiation, and these irradiated cells showed dosage-dependent ␥-H2AX staining of metaphase chromosomes (Fig. 3A) . We then generated metaphases from mature T cells from wild type and late generation mTR Ϫ/Ϫ mice. ␥-H2AX staining was observed near the termini of chromosomes in the mTR Ϫ/Ϫ cells (Fig. 3B) . We quantitated the ␥-H2AX staining in wild type and late generation mTR Ϫ/Ϫ T cells from three independent mice. The chromosome termini from late generation mTR Ϫ/Ϫ T cells showed more ␥-H2AX staining than wild type T cells (p Ͻ 0.05) (Fig. 3C) . The low level of ␥-H2AX staining observed on wild type chromosome ends may represent a low level of dysfunctional telomeres in wild type cells or may be due to telomere proximal signal that cannot be distinguished from telomeres in this assay.
␥-H2AX Staining of Short Telomeres in MEFs-To test whether short telomeres from other cell types are also bound by ␥-H2AX, we generated independent MEF lines from late generation mTR Ϫ/Ϫ and wild type animals. Interphase MEFs showed an increase of ␥-H2AX and p53BP1 foci staining in late generation mTR Ϫ/Ϫ compared with wild type cells (data not shown). MEF metaphases were stained for ␥-H2AX. Late generation mTR Ϫ/Ϫ MEFs showed a higher frequency of ␥-H2AX staining at telomeres than wild type MEFs (Fig. 4) . To determine whether the increase in ␥-H2AX foci in late generation mTR Ϫ/Ϫ MEFs was specific to telomeres, we quantitated the ␥-H2AX signal that was not telomeric. The ratio of telomeric signal to nontelomeric signal was 2.7-fold higher in late generation mTR Ϫ/Ϫ MEFs compared with wild type MEFs (Table II) . This result further suggests that ␥-H2AX is localized to short telomeres. The chromosome preparations from MEF cultures were more easily resolved and had a better morphology than those isolated from T cells. Thus, for technical reasons, we cannot compare the absolute number of ␥-H2AX-positive telomeres in mTR Ϫ/Ϫ T cells versus MEFs. H2AX Signals Localize to Short Telomeres-The shortest telomeres in the population show no telomere signal in FISH and are referred to as signal free ends (33) . Although telomere dysfunction may occur on telomeres that contain some telomere signal by FISH, telomeres that lack signals are more likely to be recognized as dysfunctional. To determine whether the ␥-H2AX-positive chromosome ends correlated with short telomeres, we combined telomere FISH analysis with ␥-H2AX staining. ␥-H2AX-positive spreads were probed with telomere FISH to identify signal free ends. 67% of signal free ends from late generation mTR Ϫ/Ϫ cells showed co-localization with ␥-H2AX, whereas wild type cells did not have signal free ends (Table III) . This suggests that the shortest telomeres in the population are more likely to be recognized as DNA damage.
DISCUSSION
Loss of telomere function has been suggested to mimic a double-stranded DNA break. Dysfunctional telomeres may cause rearrangements through homologous recombination and end-to-end chromosome fusions (33, 37) . Loss of telomere function can also cause cell cycle arrest (7, 8) and apoptosis (4, 10, 35) . Because chromosome breaks also cause arrest and apoptosis (reviewed in Ref. 38) , damage induction caused by telomere dysfunction may be a secondary effect of breakage of dicentric chromosomes. In human cells that have lost telomere function through overexpression of dominant negative TRF2, apoptosis is not dependent on the S phase, suggesting that breakage of dicentrics is not responsible for apoptosis in these cells (4). In this study we tested whether a different form of telomere dysfunction, generated by telomere shortening in the absence of telomerase, is due to recognition of telomere damage directly or due to breakage of dicentric chromosomes in cycling mitotic cells.
Mitosis Is Not Required for Apoptosis in Late Generation mTR
Ϫ/Ϫ T Cells-We had previously reported that meiotic spermatogonia cells apoptosis is not due to chromosome breakage in telomerase knockout mouse (10). Here we found that in mitotic cells, the disruption of the spindle did not reduce the apoptosis in late generation mTR Ϫ/Ϫ T cells. Because colcemid blocks microtubule polymerization, it is unlikely that the integrity of the chromosomes was compromised. Furthermore, the low fraction of metaphases that had translocations cannot explain the number of apoptotic cells observed. This suggests that the repeated breakage of fused chromosomes is unlikely to be responsible for the apoptosis in the late generation mTR Ϫ/Ϫ cells. We cannot, however, exclude the possibility that some cells undergo apoptosis in response to chromosome breaks, although this does not seem to be the predominant pathway.
Short Telomeres and DNA Breaks Illicit Similar ResponseLater generation mTR
Ϫ/Ϫ mice and cells show an increased sensitivity to ionizing radiation (31, 32) , suggesting that there is an additive effect of short telomeres and double-stranded DNA breaks. Cells with only a few short telomeres may not show a cellular response or may adapt to this low level of damage (39, 40) . However, when the overall level of damage increases above a threshold through induction of doublestranded breaks, a cellular response is triggered. This suggests that the pathways responding to telomere dysfunction and DNA breaks overlap.
Although the checkpoint pathways that are activated by DNA breaks and telomere dysfunction are similar, it is not clear whether there might be proteins that specifically recognize telomere damage. Many different proteins that respond to DNA double-stranded breaks including Ku, DNA-PKcs, Nbs1, and Mre11 also associate with telomeres (22) (23) (24) 41) , We chose to examine ␥-H2AX, which is thought to be a very early event in damage signaling. The localization of ␥-H2AX to dysfunctional telomeres suggests that pathways for signaling damage are conserved. In addition to these conserved proteins, there may be specific proteins not yet discovered that distinguish the signal sent from a dysfunctional telomere and the signal sent from a DNA break. It would be interesting to determine whether the response to telomere dysfunction may be different in subtle ways from the response to double-stranded breaks.
Different Types of Telomere Dysfunction Signal DNA Damage-Telomere dysfunction is a term often used to describe many different physical changes to telomeres. Loss of telomere function can be brought about in several ways including alteration of telomere-binding proteins (4, 42) and progressive telomere shortening (5, 9, 43) . Both mechanisms for creating dysfunction result in chromosome fusions, cell death, or cell cycle arrest. A recent study showed that telomere shortening in primary human cells leads to binding of ␥-H2AX, p53BP1, and other damage recognition proteins on telomeres (44) . In another study interphase human cells overexpressing dominant negative TRF2 also showed localization of ␥-H2AX as well as other DNA damage response proteins to interphase telomere foci (44, 45) . Together with these two reports, our study further supports the idea that when telomeres become dysfunctional, either through removal of binding proteins or the shortening in the absence of telomerase, they are recognized as DNA breaks directly.
Despite the similarity in the downstream response, the fundamental molecular components of telomere function that are disrupted by dominant negative TRF2 and loss of telomerase MEFs from passage 3 were probed with ␥-H2AX antibody (red) and 4Ј,6-diamidino-2Ј-phenylindole-dihydrochrolide (green), the white arrows indicate telomeric ␥-H2AX staining. B, quantitation of ␥-H2AX localized to chromosome ends in MEFs for three wild type MEF lines (12 positive ends of 4752 ends) and three late generation mTR Ϫ/Ϫ MEF lines (110 positive ends of 4876 ends examined). All of the studies were performed on passage 3 cells, and more than 20 metaphase spreads were scored for each independent line. The difference was significant, p Ͻ 0.05 as determined by Fisher's exact test. c Percent represents telomeric ␥-H2AX signal divided by total ␥-H2AX signal.
d Ratio represents telomeric ␥-H2AX signal divided by nontelomeric ␥-H2AX signal. may be different. Telomere shortening may lead to a loss of binding sites for essential proteins or may physically disrupt the ability of telomeres to form T loops (46) . In contrast, overexpression of dominant negative TRF2 removes endogenous TRF2 and its binding partners from the telomere (4) and also TRF2 interacts with damage response pathways (23, 47) . Although chromosome fusion and apoptosis occur in response to both methods of telomere dysfunction, the pathways that respond may differ in subtle ways that could have profound cellular consequences. It will be interesting to decipher the similarities and differences in how cells respond to different kinds of telomere dysfunction.
